In contrast to coseismic pulverization of crystalline rocks, observations of coseismic pulverization in porous sedimentary rocks in fault damage zones are scarce. Also, juxtaposition of stiff crystalline rocks and compliant porous rocks across a fault often yields an asymmetric damage zone geometry, with less damage in the more compliant side. In this study, we argue that such asymmetry near the sub-surface occurs because of a different response of lithology to similar transient loading conditions. Uniaxial unconfined high strain rate loadings with a split Hopkinson pressure bar were performed on dry and water saturated Rothbach sandstone core samples. Bedding anisotropy was taken into account by coring the samples parallel and perpendicular to the bedding. The results show that pervasive pulverization below the grain scale, such as observed in crystalline rock, does not occur in the sandstone samples for the explored strain rate range (60-150 s -1 ). Damage is mainly restricted to the scale of the grains, with intragranular deformation occurring only in weaker regions where compaction bands are formed. The presence of water and the bedding anisotropy mitigate the formation of compaction bands and motivates intergranular dilatation. The competition between inter-and intragranular damage during dynamic loading is explained with the geometric parameters of the rock in combination * with two classic micromechanical models: the Hertzian contact model and the pore-emanated crack model. In conclusion, the observed microstructures can form in both quasi-static and dynamic loading regimes. Therefore caution is advised when interpreting the mechanism responsible for near-fault damage in sedimentary rock near the surface. Moreover, the results suggest that different responses of lithology to transient loading are responsible for sub-surface damage zone asymmetry.
Results
on the most damaged samples. As a consequence, the spalling microstructure is considered to be an artefact of the experimental procedure and will not be 156 discussed later. The stress-strain curves of bedding-perpendicular loadings show a different 159 mechanical behavior between dry and saturated loading conditions (Figure 2b ). 160 The dry samples achieved higher peak strength than saturated samples (Table   161 1). Also, these peak stresses were higher than the uniaxial compressive strength 162 obtained at low strain rate, which is around 35 MPa [37] . Saturated samples 163 accumulated more axial strain than dry samples and reached their peak strength Here, such a clear distinction was harder to make since the elastic and inelastic 183 contributions to the strain rate overlap. Using the approximate yielding point from the stress-strain curves (Figure 2b ), the first strain rate peak related to elastic deformation can be recognized ( Figure 3a ). After, rather than a yield-186 point there is a yield-interval up to a poorly defined second strain rate peak 187 ( Figure 3a ). This second strain rate peak was only recognized in the heavily 188 fragmented samples (indicated in Figure 3b ).
189
A weak dependence of the peak strength as function of peak strain rate for sample VS14. The pale blue stress curve is the stress at the input bar -sample interface, the blue for the output bar -sample interface. Both curves overlap, indicating good stress equilibrium. After 300 µs, incident and reflected waves overlap, resulting in artificial data.
(b) The peak stress plotted versus the peak strain rate for all loadings. (c) Dissipated energy plotted versus the residual strain for all loadings. Strain rate contours indicate the approximate peak strain rates that were experienced by the sample. Slopes have been determined for three of the sample sets. Material A). The surface occupied by pores in undeformed sandstone is 17.1%.
Microstructures

224
For the bedding-perpendicular dry loadings, the mean surface is reduced to 225 11.8%, for the saturated samples it is slightly higher at 13.8%. The pore space 226 in these same samples determined from individual images outside the dark bands 227 is higher, around 15-16%. This reveals a strong reduction in pore space within 228 these bands relative to the regions outside these bands and therefore they can 229 be interpreted as compaction bands. Inter-granular fracturing is difficult to distinguish in the thin sections, since 245 rupturing in the cement is obscured by the chaotic structure of the cement itself. 246 However, at some locations in bedding-parallel loaded samples, clear evidence of 247 intergranular fracturing can be observed (Figure 5b) . Also, image analysis shows 248 that the total pore space is 20.9%, which is higher than the undamaged rock 249 (see Supplementary Material A). Interestingly, some intragranular deformation 250 is observed close to dilated pores (Figure 5b ). These structures suggest that 251 incidental intragranular fracturing has occurred before intergranular fracturing.
252
Dilatational intergranular deformation has not been observed in the bedding- and applied for quasi-static loading conditions. After, the models are adapted 281 for dynamic loading conditions. We argue that competition between the mi-282 cromechanal models is influenced by loading rate, by the presence of pore fluids, 283 and by microstructural properties of the rock.
Discussion
284
The pore-emanated crack model considers cylindrical pores in an elastic medium. Under axial stress, mode I wing cracks emanate from the pores parallel with the loading direction. The mode I stress intensity factor (K I ) for a single fracture evolves as follows with increasing stress [39]: Figure 6 : Mean stress-differential stress diagram for Rothbach sandstone, tested at quasistatic loading conditions for different bedding orientations by [29] . At higher mean stress the samples yield by shear bands (higher differential stress) and compaction bands (lower differential stress). At lower mean stress samples fail by classic brittle failure. The loading path for sample VS6 (red line, red star) illustrates that the dynamically loaded samples in this study do not reach conditions for shear-and compaction band formation. Nonetheless, compaction bands did form. Figure adapted where L is the normalized crack length (l/a, l is the crack length, a is the pore radius), σ 1 is the largest principal stress, and λ = σ 3 /σ 1 (σ 3 is the smallest principal stress). Compression is taken as positive. The elastic interactions between pores adds another component to the stress intensity factor [39]. Assuming λ 1 for the experiments (no confining pressure), equation 1 then becomes:
where Φ is the porosity. When K I is equal to the fracture toughness (K IC ), The Hertzian fracture model involves the stress concentration at a Hertzian contact point between two spherical grains. This produces tensile stress on micro flaws within the grains, leading to intragranular fracturing. The far field stress (σ 1 ) necessary for the failure of a grain can be predicted by [38] :
where E is Young's modulus, µ is the Poisson's ratio, K g IC is the fracture tough-292 ness of the grain material, d is the grain radius, α is the ratio between the initial 293 micro flaw size, and d is the grain radius. Note that the stress needed to break 294 a single grain is not necessarily similar to the peak strength of the rock, but 295 indicates the onset of pore collapse.
296
To obtain approximations for the uniaxial peak strength of Rothbach sand-297 stone at quasi-static loading conditions, the following values were adopted: 
314
However, pore collapse and intra-granular fracturing during dynamic load-315 ing has been observed but not explained by the quasi-static micromechanical 316 models. Also, higher peak stresses than expected for quasi-static loading were 317 reached during dynamic loading on dry samples. Therefore, it is necessary to 318 incorporate the dynamic effect into the micro mechanical models, originally de-319 veloped for quasi-static loading conditions.
320
For high strain rates it has been shown that the fracture initiation toughness exceeds the quasi-static initiation toughness of the material due to timedependent processes near the fracture tips [42, 43] . Thus, a material can experience higher stresses before failure. To express this dynamic effect, an empirical function of the dynamic fracture initiation toughness (K D IC ) has been obtained from experimental high strain rate loading data of several materials that collapsed onto a single curve by the following normalization [44] :
whereK is the stress intensity factor rate and the constant with which it is 321 multiplied is in seconds and qualitatively represent the competition between The quasi-static UCS (uniaxial compressive strength) is indicated by the dashed line [37] .
The bedding-parallel (orange) and bedding-perpendicular (red) pore and grain size ranges for Rothbach sandstones (Figure 1 ) are given as well. This shows that the pore-emanated crack model determines the quasi-static strength. The asterisks indicate the dynamic peak strengths achieved during loading of samples VS6, VS15 and VS16 (dry) and VS11 (saturated). (b)
The evolution of the dynamic stress intensity factor (solid curves) and the dynamic fracture initiation toughness (dashed curves) with time for the pore emanated crack model (blue) and
Hertzian fracture model (green). The stress history of loading VS6 has been used as input.
Curves for pores radii of 75, 125 and 150 µm are shown for the pore emanated crack model. describe the intrinsic micro strength, but does predict the increase of strength 325 well enough so that it matches with experimental data of geomaterials such as 326 Dionysus-Pentelicon marble using a finite element model [44] . Also, equation 
329
For the pore-emanated crack model, regardless which failure criterion or 330 pore geometry is chosen (Supplementary Material B) , the stress intensity factor 331 is linearly proportional to the applied axial stress (equations 1 -2). Thus, the 332 dynamic fracture initiation toughness is proportional to the loading rate. In Instead, we propose that the mechanical effect of the pore fluid is responsible for weakening of the rock. At the onset of loading, the fluid pressure is equal to the atmospheric pressure. It can be argued that the sample is in an undrained state during loading, meaning that the fluid pressure (P f ) cannot be dissipated fast enough and rises with increasing stress [48]:
where B is Skempton's coefficient, which varies between 0 and 1. This poroelas-374 tic constant can be determined for quasi-static loading by measuring axial and 375 radial strain of the rock in both dry and saturated conditions. With our current 376 experimental setup these were not measured. Besides, such measurement could 377 be complicated for high strain rate loading due to radial inertia effects. An 
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